ABSTRACT In this paper, we consider multipair two-way massive multiple-input and multipleoutput (MIMO) communication system, in which multiple pairs of source nodes exchange messages with the help of one shared amplify-and-forward relay provisioned with large number of antennas. Unlike the perfect channel state information (CSI) assumption, the practical minimum mean-squared error-based channel estimation is considered. And the asymptotic signal to interference plus noise ratio (SINR) analysis of four power-scaling scenarios is presented to show that, even with the imperfect CSI, the interpair interference can still be eliminated, the small-scale fading as well as the noise at source nodes and the relay can be averaged out in the regime of very large number of antenna. It is unveiled that the impact of the channel estimation error will present in the effective large-scale fading coefficient, which explicates the degradation by the imperfect CSI estimate and consumes the results with perfect CSI as special cases. On the basis of the asymptotic SINR analysis results, the optimal power allocation problem is formulated to derive the energy efficient relaying scheme for the maximum ratio combining-maximum ratio transmission precoding scheme. Finally, numerical results are presented to validate that the energy efficient design can effectively reduce the power consumption while maintaining a reasonable sum rate in the multipair two-way massive MIMO relaying system, even in the presence of CSI error.
issue [15] , [16] , especially when very large number of antenna arrays is presented. In this case, the precoding at relay becomes a spectral efficient choice. However, the precoding is dependent on the availability of the channel state information (CSI). In realistic system, perfect CSI is not available, how about the achieved performance in the presence of imperfect CSI would be an important issue to be explored, and this is exactly the first motivation of our work in this paper.
The joint utilization of massive MIMO and relay could fully exploit the benefits of both techniques [3] , [15] . In [15] , the multi-pair amplify-and-forward (AF) OWR with very large antenna array relay was investigated to show the asymptotic achievable sum rate over different power-scaling settings. It is shown in [16] that, the achievable sum rate of the multi-pair TWR can be maintained even when the transmit power at source nodes is scaled down, namely, energy efficient multi-pair TWR can be realized. Nonetheless, the perfect CSI is assumed as well. The ergodic rate and power scaling law were studied in [17] to unveil the impact of the relay antenna number, the transmit power at both users and relay, as well as the number of user pairs in the multi-pair AF OWR communication. It is further revealed that, the power at terminals and relay can be scaled down by 1 √ N with imperfect CSI and by 1 N with perfect CSI, here N is the number of antenna at relay, which suggests the impact of the imperfect CSI on the achieved energy efficiency of the multi-pair AF OWR communication. Motivated by this efforts, in this paper, we focus on the best achieved energy efficiency in multi-pair TWR communication with imperfect CSI. And this is another motivation of our analysis in this paper.
Recently, the spectral and energy efficiency of multi-pair two-way AF full-duplex (FD) massive MIMO relay systems were studied in [18] . Obviously, the multi-pair two-way AF massive MIMO relay will benefit from the FD technique to improve the spectral efficiency. However, as illustrated in [18] , when the number of relay antennas tends to infinity, the loop interference can be completely eliminated only if the transmit powers at all sources and relay are fixed, instead of being scaled down with the number of relay antennas. When the transmit power at sources and relay are set to be inversely proportional to the relay antenna number, the FD system does not always outperform the half-duplex (HD) one in terms of the sum spectral efficiency in the region of moderate to high level of loop and inter-user interference. In [19] , the multipair two-way massive MIMO AF FD relaying system was further extended to characterize the impact of the imperfect CSI over Rician fading channels. In addition, the optimization of the spectral efficiency via a low complexity power control scheme was presented to show the impact of the number of user pairs on the realized spectral efficiency. The similar analysis of the multi-pair two-way decode and forward (DF) FD massive MIMO relay systems can be found in [20] , wherein the energy efficiency optimization issue was addressed to enable an energy efficient massive MIMO relay system. It should be addressed that, the optimized multi-pair massive MIMO relay system has received much attention. In [21] , the spectral efficiency optimization issue was addressed as well. However, few research efforts were devoted to the optimized energy efficiency design. Although the optimized energy efficiency design was highlighted in [20] , nonetheless, it is the total transmit power minimization at all sources and relay for a required sum spectral efficiency under the peak transmit power constraint, without concerning with the sum rate.
Since the massive MIMO relaying provides a feasible solution to the energy efficient multi-pair relaying communications, it is an interesting problem to unveil the best achievable energy efficiency of the multi-pair relaying system. In this paper, we consider to maximize the energy efficiency via the optimal power allocation (OPA) at all sources and relay in multi-pair AF HD massive MIMO relay system. We study the HD relaying strategy to make us concentrate on the best achievable energy efficiency in the massive MIMO relaying scheme with the practical CSI estimation under the realistic constraint of the maximal allowed total transmit power allocated to all the source nodes and relay, the maximal allowed transmit power at each individual source node and relay for a given required sum rate. And one may readily generalize the similar analysis to FD strategy. Basically, the maximization of the energy efficiency is a classical fractional programming problem. Fortunately, its equivalent transformation in a parametric subtractive form can be utilized [22] , [23] . By employing the concave-convex procedure (CCCP) algorithm developed in [24] , an iterative algorithm can be employed to derive the energy efficient scheme. And our work in this paper can be briefly summarized as follows i) The asymptotic SINR-analysis of four power scaling cases are presented to show that, the degradation by the imperfect CSI estimate can be characterized by the effective large scale fading coefficient, which consumes the results with ideal CSI as special cases. ii) The optimized energy efficiency design via the optimal power allocation (OPA) at all source nodes and relay is presented to derive the energy efficient multipair two-way HD massive MIMO relaying scheme. It is shown that the energy efficient design is able to realize a better tradeoff between the achievable sum rate and power consumption, even in the presence of imperfect CSI. The remainder of this paper is organized as follows. The system model is presented in Section II. Section III derives the asymptotic SINRs with the MRC/MRT precoding at relay. Optimized energy efficient design is addressed in Section IV. In Section V, numerical results are presented. Finally, we conclude our work in Section VI.
Notation: Throughout the paper, we use upper (lower) case boldfaces to denote matrices (vectors). The superscripts * , T , and H stands for the complex conjugate, transpose, and conjugate-transpose, respectively. A ij denotes the (i, j)-th entry of matrix A, and I N is the N ×N identity matrix. We use E {.}, . and T r (.) to denote the statistical expectation, the Euclidean norm and the matrix trace, respectively.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. TWO-WAY MASSIVE MIMO RELAY MODEL
As shown in Fig. 1 , let us consider a multi-pair two-way AF massive MIMO relay system, which comprises of K pairs of source nodes provisioned with single antenna, as well as one relay with N (N 2K ) antennas, wherein the K pairs want to exchange information with each other with the assistance of the relay. Here, we assume that the communication pair is established between the i-th user and the i -th user, i.e., (i, i ) = (i, K + i) for i = 1, 2, . . . K . And it is assumed that there is no direct link among all K pair source nodes (for instance, due to serious path loss between two users in each pair). 1 Both the relay and all the source nodes work in halfduplex mode. Like [16] , we assume two-phase transmission model. Namely, in the first phase, all source nodes are synchronized to simultaneously send their data to the relay station. Thus the received signal at the relay can be given by
where
and P s,i specifies the transmit power at the i-th source,
T denotes the transmitted symbol by 2K users and E{|x i | 2 } = 1, ∀i. n r ∈ C N ×1 stands for the additive white Gaussian noise (AWGN) with zero mean and variance matrix E{n r n H r } = σ 2 n I N . In this paper, all the channels between the source nodes and the relay are assumed to be independent identically distribute (i.i.d) Rayleigh fading. Therefore, the channel matrix between the 2K sources and the relay station is G = g 1 , . . . , g K , g K +1 , . . . , g 2K ∈ C N ×2K , which can be further written as G = HD 1/2 , where H ∈ C N ×2K stands for the i.i.d. CN (0, 1) small-scale fading components, and D ∈ C 2K ×2K is the diagonal matrix, whose diagonal entry [D] ii = η 2 i represents the large-scale fading coefficient between the i-th source node and relay station. And the channel reciprocity is assumed in this paper.
In the second phase, the relay transforms the received signal and forwards the reformulated signal back to all 2K source nodes, which is expressed by x r =Fy r = P r ρFy r ,
whereF = √ P r ρF represents the N × N transformation matrix at relay, ρ represents a power amplification coefficient that is selected to satisfy the transmit power constraint P r Tr E x r x H r at the relay, and
Then the received signals at all 2K sources can be given by
where G T ∈ C 2K ×N represents the channel matrix between the relay and the 2K sources, n s = [n 1 , . . . , n 2K ] T . And the received signal at the i-th source node can be given by
where the first term is the desired signal from the i -th user, the second term is self-interference, which can be canceled out completely in the perfect CSI case, the third term specifies the inter-pair interference, the fourth term is the amplified noise from relay, and n i corresponds to the additive noise at the i-th source node with zero mean and variance σ 2 n . Thus the instantaneous source-to-source (s-2-s) SINR at the i-th source can be given by (6) , as shown at the top of the next page, and the sum rate of multi-pair TWR system can be given by
where r i (γ i ) = T −τ 2T E log 2 1 + γ i is the s-2-s ergodic achievable rate for the i-th communication pair, T is the transmission period, while τ represents the pilot overhead for channel estimation, 1/2 corresponds to the two phase transmission protocol. Moreover, the energy efficiency of multi-pair TWR system is defined as the achievable sum rate R divided by the total transmit power P T [6] , namely
In fact, how to maximize the energy efficiency for the twoway massive MIMO relay system in the presence of CSI error is the objective of our work in this paper. VOLUME 6, 2018
B. THE MMSE CHANNEL ESTIMATE AND THE CSI ERROR MODEL
In this paper, we also assume that all source nodes will transmit mutually orthogonal pilot sequences of length τ for the channel estimate at relay to derive the channel state information (CSI) at the relay. During transmission, all the pilot sequences used by the 2K sources can be represented by a 2K × τ matrix (τ ≥ 2K ), and H = I 2K . Then, the received pilot matrix at the relay can be expressed by
is the transmit power of pilot symbols at the i-th source, N r is the additive white Gaussian noise matrices with i.i.d.
The MMSE estimate of G is given by [27] 
where 2K . The above MMSE based channel estimate can be rewritten as
where E = [e 1 , e 2 , . . . , e 2K ] denotes the channel estimate error matrix, which is dependent ofĜ according to the property of MMSE channel estimation [27] . Therefore, we havê
. . , 2K [6] , [20] . Nowη 2 i can be seen as the equivalent large-scale fading coefficient between the i-th source and the relay, which approaches the true η 2 i when σ 2 n → 0. One may readily notice the loss when practical channel estimate is assumed sinceη 2 i ≤ η 2 i .
III. THE MRC/MRT PRECODING AT RELAY AND THE ASYMPTOTIC SINR ANALYSIS
In this section, we consider the MRC/MRT based precoding at relay, and derive the expression of the spectral efficiency of each user pair for this technique. Furthermore, the analysis of asymptotic SINRs with large enough relay antennas will be derived to provide the basis for the energy efficient two-way Massive MIMO relay design.
A. DATA TRANSMISSION
Based on the MMSE channel estimateĜ at the relay, the MRC/MRT processing can be applied at the relay to achieve asymptotically optimal performance in massive MIMO systems with low complexity [3] , where the precoding matrix is given bỹ
As would be shown in the proof of Theorem 1, the block anti-diagonal permutation matrix A is utilized to support multi-pair communication, and
. ρ is chosen to satisfy the average transmit power constraint at relay, namely,
The relay forwards the amplified signal to all source nodes. Now the received signal at the i-th source can be rewritten as (14) where
In order to clearly illustrate the received signal, y i can be rewritten as (16) , as shown at the top of the next page, where the first term (C 1.S ) is the desired signal from the i -th source, the second term (C 1.N ) corresponds to the noise term due to the channel estimate error, the third term (C 2 ) is the self-interference, the fourth term (C 3 ) stands for the interpair interference, and the fifth term (C 4 ) is the compound
Imperfect CSI noise(C 1.N )
Self−interference(C 2 )
Inter−pair interference(C 3 )
noise due to the noise at relay and the channel estimation error. Hence the received SINR at the i-th source can be given by (17) , as shown at the top of this page Theorem 1: When the antennas number N at relay is large enough, based on MRC/MRT precoding strategy under imperfect CSI, the achieved rate of the i-th user pair is
Proof: See Appendix. From Theorem 1, one may readily notice the impact of the channel estimation errors on the received SINR. As is shown in (18) , the SINR of the i-th user pair is dominated by four factors: the relative desired signal power NP r P s,i η 4 iη 4 i , the noise variance σ 2 n at each source, the power amplification coeffi-
j , and the relative amplified noise variance P rη
n at relay. Here, it should be noted that, even in the presence of imperfect CSI, the self-interference and the inter-pair interference can be eliminated when the antenna number N at relay is large enough. Moreover, the smallscaling fading is also averaged out when N increases. And the impact of the imperfect CSI presents in the effective large scale fading coefficient.
Remark: The achievable rate in (18) can also be derived in the conventional MIMO systems; nevertheless it will become less tight as the number of antennas at the relay goes down [21] . Since Theorem 1 can be derived by approximating the inner product of random vectors that is a sum of many items on the basis of the central limit theorem. Therefore, in the massive MIMO relaying system, the achievable rate is expected to be rather tight.
B. ASYMPTOTIC SINR ANALYSIS
In this subsection, we will present the asymptotic SINR analysis of Theorem 1 in four power scaling cases as the relay antenna number approaches infinity, i.e., N → ∞. Considering the general case with
, both E s,j and E r are fixed. And (49) can be rewritten as
whereñ i ,r ∼ CN (0,η 2 i σ 2 n ), and the actual power amplification coefficient ρ is equal to ρ 2 N α−3 2 , and ρ 2 is given by
Firstly, we can derive the general case of asymptotic SINR from (19) as follows
Next, we discuss four special power scaling cases.
• Case I. • Case IV. P s,j = E s,j and P r = E r . One may notice that, except Case IV, either the user's transmit power or relay's transmit power can be made inversely proportional to the relay antenna number N . Here identical E s,j for all j is not assumed, which means that different transmit power at different source is allowed.
Based on Theorem 1, let us summarize the asymptotic SINR in four special power scaling cases. VOLUME 6, 2018
• Case I. P s,j = E s,j N and P r = E r N : When N grows large, the asymptotic SINR at the i-th source can be given by
Case I reveals that, when the transmit powers at all source nodes and relay are scaled down by 1/N , owing to the array gain of N antennas, when N → ∞ we may have the deterministic asymptotic SINR. In fact, in the large N regime the small-scale fading is averaged out due to diversity gain of the large-scale antenna system. The inter-pair interference also diminishes because the channels of different pairs tend to be pairwise orthogonal as N → ∞, due to the law of large number. As a consequence, the asymptotic SINR will be dependent on the practical channel estimation, the transmit power by both source node and relay, and the noise at the relay and source.
• Case II. P s,j = E s,j N and P r = E r : When N grows large, the asymptotic SINR at the i-th source can be given by
It is shown that, when only the transmit power at each individual source is scaled down by 1/N , while a reasonable transmit power at relay can be maintained (not made inversely proportional to the number of antenna array at relay), we may have larger asymptotic SINR, which leads to a better spectral efficiency. Of course, now the paid cost is some loss in the energy efficiency. Case II reveals that, like Case I, when N goes to infinity, the small-scale fading is also averaged out; the selfinterference, inter-pair interference and imperfect CSI noise are diminished. Unlike Case I, now the noise at each source node converges to zero. As a result, the asymptotic SINR only depends on the transmit power at source nodes, the effective large scale fading coefficient and the noise variance at the relay station.
• Case III. P s,j = E s,j and P r = E r N : When N grows large, the asymptotic SINR at the i-th source can be given by
It is shown that, when only the transmit power at relay is scaled down by 1/N , while a reasonable transmit power at all sources can be maintained (not made inversely proportional to the number of antenna array at relay), the small-scale fading, inter-pair interference, self-interference and imperfect CSI noise can be canceled out, this is because the transmission channels in the second phase tend to be nearly pairwise orthogonal. Unlike Case I and Case II, in Case III the system can average out the compound noise at the relay. In Case III, now the achieved asymptotic SINR can be made to be dependent on the transmit power at the corresponding source nodes and relay, the large-scale fading gain and the noise variance at relay.
• Case IV. P s,j = E s,j and P r = E r : When N grows large, the asymptotic SINR at the i-th source can be given by
When all the sources and the relay can maintain reasonable transmit power (not made inversely proportional to the antenna number at relay), even in the presence of imperfect CSI, the MRT based precoding at the relay can asymptotically eliminate the self-interference, interpair interference and the imperfect CSI noise because the channels of different pairs tend to be pairwise orthogonal. Moreover, the small-scale fading is averaged out when N → ∞. Unlike Case I, Case II and Case III, now we may note that, we may achieve such an asymptotic SINR that scales with the antenna number N at the relay.
It should be addressed that, the above asymptotic SINR analysis in four power scaling cases subsume the cases with perfect CSI as special cases. More specifically, by replacinĝ η i with η i we can directly derive the four power scaling results with perfect CSI. Based on the aforementioned SINR analysis, we may have the resultant achievable rate and energy efficiency. In the following section, we will highlight the optimal power allocation issue in order to maximize the energy efficiency of the massive MIMO relay system.
IV. ENERGY EFFICIENT POWER ALLOCATION DESIGN
In order to maximize the energy efficiency in the two-way massive MIMO relay system in the presence of CSI error, in this section, we relax the fixed transmit power assumption at all source nodes and relay to show the best achievable energy efficiency via power allocation at all source nodes and relay. The energy efficient power allocation design can be formulated as the following optimization problem
where R o stands for the least required sum rate, P T specifies the maximal allowed total transmit power allocated to all the source nodes and relay, P so and P ro stands for the maximal allowed transmit power at each individual source node and relay, respectively. The problem in (25) is a classic fractional programming problem. Fortunately, it can be equivalently transformed into a parametric subtractive form, which can be effectively solved by using the concave-convex procedure (CCCP) algorithm.
By observing Theorem 1, the SINR at the i-th source node can be rewritten as follows
with j, j = (j, K + j) as j = 1, 2, . . . , K , and j, j
And the rate of information received by the i-th source node can be denoted as:
Thus we have the following energy efficiency
Then the energy efficiency optimization problem in (25) can be recast as below
where the optimal power vector P includes the power at all source nodes and the relay node, and P = P s,1 , P s,2 , · · · , P s,2K , P r T , the feasible region D denotes the feasible region of P given the rate, power constraints, namely, D = P | C1, C2, C3, C4 . By carefully observing the primal problem (29), it is a nonlinear fractional programming problem, which is difficult to be solved directly. By exploiting the relationship between the nonlinear fractional problem and the parametric programming problem, the primal fractional problem can be reformulated into a parameterized subtractive form, namely,
In order to clarify the equivalence between the primal problem (29) and the newly reformulated problem (30), the following two propositions are addressed at first.
Proposition 2: F(ξ ) is a strictly decreasing, continuous and convex function.
Proposition 3: F(ξ ) = 0 has one and only one unique solution. Let ξ * denotes the unique zero solution. F(ξ * ) and the primal problem (29) have the same optimal solution, and the optimal energy allocation can be depicted by ξ * .
The proof procedure can be referred to [22] and is omitted here. Based on the above propositions, we can conclude that, if we can find a parameter ξ * that satisfies F(ξ * ) = 0, the optimal solutions to the problems (29) and (30) are equal to each other, hence the problem is solved. Although ξ * is unknown at first, Proposition 1 reminds us that the Dinkelbach method or the 1-D search (bisection) method can be used in each loop to find the root of F(ξ ) . Therefore, in the following, we optimize (30) for a given ξ as below
log 2 
As f (P) and g(P) are both concave function, the problem (32) can be considered as a DC (Difference of Convex) problem, and the CCCP algorithm can be utilized to solved the problem. The key idea of CCCP algorithm can be interpreted in this way: in each iteration, we need to use the first order Taylor series expansion of g(P), and then the problem is converted into a convex problem that can be easily solved by employing convex optimization algorithm, such as interior point method. With the iteration proceeds, we can gradually approach the solution to the problem (32). For instance, in the l-th iteration, the following convex problem should be solved
T is the solution of the (l − 1)-th iteration, ∇g(P l ) denotes the gradient vector of the function g(P) at P l and can be easily derived in each iteration VOLUME 6, 2018
as follows
The whole procedure of the CCCP algorithm can be summarized by the pseudo code in Algorithm 1. For the convergence of the CCCP algorithm, we have the following theorem.
Theorem 4: The objective function of the problem (32) is strictly monotonically increasing on the generated sequence P l by the CCCP algorithm, and thus the convergence characteristic of the CCCP algorithm can be guaranteed, which also implies that at least a local optimum can be achieved by the CCCP.
Proof: Firstly, we set P l = P l+1 , as the function g(P) is strictly concave, thus we have,
Meanwhile, as the value of objective function in the l-th iteration can be expressed as
, by combining (37), it yields
By solving the problem (35), we can derive
By summing the above two expressions, it yields
Thus we can easily derive that, as the iteration proceeds, lim l→∞ P k,l − P k,l−1 = 0 and the convergence of the CCCP algorithm can be proved. Both the monotonically increasing characteristic of the objective function and the convergence characteristic of the CCCP algorithm implies that at least a local optimum can be achieved.
V. SIMULATION RESULTS
In this section, simulations are performed to assess the achieved system performance of multiple-pair two-way communication in the massive MIMO relay network with imperfect CSI. Moreover, we assume all 2K sources are located uniformly at random inside a disk with a diameter of 1000m, such that the direct link between every paired sources is not reliable. And the massive MIMO relay is located at the center of the disk. The large scale fading coefficient between the kth source to the relay is assumed to be
Algorithm 1 Energy Efficiency Maximization Algorithm
Require: Set initialization iteration number k = 0, tolerance 1 > 0, 2 > 0, power vector P 0 , energy efficiency factor ξ 0 = EE | P=P 0 ; 1: repeat 2: Set initialization iteration number of the second layer l = 0 and initialize the power vector P k,0 = P 0 ; 3: repeat 4: Utilize the interior point method to solve the problem (35) as
P k+1 = P k,l ;
8:
Optimal power vector P * = P k , optimal energy efficiency ξ * = ξ k .
where z k is a log-normal random variable with standard deviation σ dB, d k is the distance between the k-th source and the relay, d o is a reference distance, and lo is the path loss exponent. In all simulations, we set σ = 8dB, lo = 3.8, and d o = 200m, as recommended in [28] . And two settings of source pairs are considered, i.e., K = 5 (labeled with System I ) and K = 10 (labeled with System II ), and the following large-scale fading realizations are considered in our simulations System I: 
A. THE PERFORMANCE DEGRADATION ANALYSIS WITH IMPERFECT CSI
In this subsection, we will focus on the achieved performance in the presence of imperfect CSI, where the transmit power at all sources are assumed to the same (identical transmit power). And the transmit powers at all sources and the relay are set to be E r = 15dB, E s = 4dB, respectively. And P p,i = 2Kp p , i = 1, . . . , 2K with p p = E s , and the background noise variance σ 2 n = 1. In addition, we define SNR P r . T = 100 (symbols) and τ = 2K are assumed. The achieved spectral efficiency performance of both System I and System II versus SNR is illustrated in Fig. 2 . One may readily observe that, the achieved spectral efficiency increases with the relay antenna number N and SNR. The improvement with the increase in the relay antenna number N can be explicated by the fact that, the inter-pair interference tends to be eliminated, the small scale fading as well as the background noise at source nodes and relay tend to be averaged out in the region of very large relay antenna number, as highlighted by the asymptotic SINR analysis in Section III. However, within high SNR region, the achieved spectral efficiency tends to saturate. Moreover, we can see that the relative performance difference between the system with practical CSI estimate (labeled with Imper.) and that with the perfect CSI (labeled with Per.) can be observed, but not too serious. In order to further illustrate the difference between the system with realistic CSI estimate and that with ideal CSI, we consider System I with N = 150, K ∈ [5, 40] , and two different SNRs and pilot transmit power settings of SNR = 10dB, p p = 2dB and SNR = 0dB, p p = −5dB are considered, the achieved spectral efficiency is illustrated in Fig. 3 . One may readily notice that, larger SNR or larger pilot transmit power will give rise to smaller performance degradation thanks to the improved CSI estimate quality. Moreover, the spectral efficiency can be improved with the increase in the user pair number K at first. This is because the gain from multiplexing multiple user pair signals is larger than the loss from the interference by approximating the product of channel vector pairs. However, the further increase in the user pair number K will lead to the degraded spectral efficiency. Because the average SNR P r 2K at each user will decrease with K for large K , while the inter-pair interference is an increasing function of the user pair number. Hence there exists an optimal pair number K * that achieves the maximal spectral efficiency, as shown in Fig. 3 .
The achieved energy efficiency and spectral efficiency of two-way massive MIMO relay system in Case I are illustrated in Fig. 4 . One may readily observe that, we may have the improved energy efficiency that is proportional to the number of antennas N , with practical CSI estimate. In fact, this improvement complies with our asymptotic SINR analysis in Section III that, as N → ∞, the inter-pair interference, the self-interference and the imperfect CSI noise are diminished, meanwhile, the small-scale fading is averaged out, all of which lead to a better energy efficiency. Compared to the system with perfect CSI estimate, there is a fixed gap owing to the degradation in the practical channel estimation, namely,η 2 i < η 2 i . Among four power scaling cases, the achieved sum rate in Case I is the smallest because the compound noise at the relay and the noise at source nodes did not converge to zero. But, Case I is able to achieve the best energy efficiency, since now the transmit powers at all sources in the first phase and the transmit power at the relay in the second phase are made inversely proportional to the number of antennas at the relay. At the same time, we may notice that, when the antenna number at the relay is large enough, the massive MIMO relay system is capable of accommodating more source pairs, which gives rise to even better energy efficiency. Specifically, when the system has a symmetric structure, i.e., [
, which indicates that the achieved energy efficiencies increase linearly with the number of antennas N , or the number of user pairs K .
In the following, we focus on the achieved spectral and energy efficiencies versus the number of relay antennas N for the given pair number K . Firstly, the achieved spectral and energy efficiencies versus the number of relay antennas N in Case II are illustrated in Fig. 5 . One may readily observe that, like Case I, the achieved spectral and energy efficiencies tend to be linearly proportional to K . For exam-
. Moreover, we may see that, with the increase in the antenna number, both the achieved spectral and energy efficiencies tend to a VOLUME 6, 2018 constant, which complies with the asymptotic SINR analysis in (22) . The achieved spectral and energy efficiencies versus the number of relay antennas N in Case III are illustrated in Fig. 6 . One may observe the achieved spectral and energy efficiencies resemble that in Case II. And one may note that the achieved spectral and energy efficiencies in Case III are inferior to that in Case II, which complies with the asymptotic SINR analysis. This suggests us that a reasonable transmit power at relay seems to be recommended to attain a reasonable performance in massive MIMO relay system. Moreover, it should be addressed that, only in this case, the achieved energy efficiency with K = 5 is better than that with K = 10. This is because the energy efficiency in Case III depends on the number of user pairs K . Specifically, let us consider a spe-
, which shows that a larger K gives rise to a smaller energy efficiency. Another notable characteristics is that, we will have the least energy efficiency in Case III among all four power scaling cases.
The achieved spectral and energy efficiencies versus the number of relay antennas N in Case IV are illustrated in Fig. 7 . As expected, we will have the best achieved sum rate among all four power scaling cases. Let . Namely, now the achievable energy efficiencies tend to be logarithmical proportional to the antenna number N at relay, which complies with the asymptotic SINR analysis. All the simulation results suggest us the following criteria for practical application. When energy efficiency is a critical issue and we do not have a very high requirement on the achieved spectral efficiency, the power scaling Case I is recommended. When spectral efficiency is a critical issue, power scaling Case IV will be preferred. If we want to achieve a tradeoff in between the achieved spectral efficiency and the energy efficiency, the power scaling Case II can be considered.
B. THE OPTIMIZED ENERGY EFFICIENT DESIGN PERFORMANCE
In this subsection, we focus on the effectiveness of the optimized energy efficient design. In all simulations, we assume the same large-scale fading coefficients as that in subsection V.A, and 1 = 2 = 10 −3 , N = 250, P r = P s with : 20] dB are assumed in the realization of Algorithm 1 for the optimized power allocation determination. And the power allocation scheme is considered in our simulation, namely, the uniform power allocation (labeled with UPA), and the optimal power allocation (labeled with OPA). In the UPA scheme, all sources and the relay use their maximal allowed transmit powers, i.e., P s = P so , ∀i = 1, . . . , 2K , and P r = P ro . In power scaling Case I, the achieved energy efficiency versus the achieved spectral efficiency with N = 100 and N = 250 antennas at the relay are illustrated in Fig. 8 , where both the UPA and the OPA power allocation schemes are included. We may observe that, with the OPA scheme, the system performance can be improved significantly. For example, with N = 250, when comparing the Imper. UPA and the Imper. OPA scheme, in order to achieve the same spectral efficiency of 2.9490bits/s/Hz, the achieved energy efficiency of Imper. UPA at E s = 6dB is 14.9647bits/J , while the achieved energy efficiency of the Imper. OPA power allocation scheme VOLUME 6, 2018 is 30.2562bits/J i.e., the energy efficiency has been increased by about 15.2925bits/J , which demonstrates the effectiveness of the optimal power allocation design. It implies that, by employing the OPA scheme, better energy efficiency can be achieved, even in the presence of CSI error, when comparing with the UPA scheme. Moreover, it is worthwhile to notice that, there exists an optimal transmit power energy efficiency point in power scaling case I .
Similarly, the achieved energy efficiency versus the achieved spectral efficiency with N = 250 for the power allocation scheme of the UPA and the OPA for power scaling Case III are illustrated in Fig. 9 . As expected, the use of optimal power allocation can be utilized to improve the achieved performance significantly and compensate the loss owing to the CSI error, when comparing with the UPA scheme. Meanwhile, one may readily observe that, the OPA scheme in both the System I and the System II can also achieve quite good energy efficiency. In addition, it is noted that the achieved energy efficiency for K = 5 (System I ) with the power allocation of UPA and the OPA schemes in this case is better than that of K = 10 (System II ), which coincides with the previous energy efficiency performance analysis in Fig. 6 . For instance, when considering P s = 8dB, the best achieved energy efficiencies of Imper. OPA scheme for System I and System II are 0.1472bits/J and 0.0949bits/J , respectively, which shows that the energy efficiency performance will be degraded with the increase in the number of user pair K . And this also complies with the result in Fig. 6 . Next, the achieved energy efficiency versus the achieved spectral energy with N = 250 for power allocation schemes of the UPA and the OPA in power scaling Case IV are illustrated in Fig. 10 . We may observe the similar characteristics, that is, the OPA scheme can achieve better energy efficiency.
In Fig. 11 , we present the achieved energy efficiency performance by using the OPA scheme and the UPA scheme in power scaling Case II with different relay antenna number N . Here P so = P s = 4dB, P ro = P r = 15dB. As expected, the OPA scheme can achieve higher energy efficiency in the regime of very large N . But when the antenna number N at relay is small, the inter-pair interference, self-interference, imperfect CSI noise, noise at source node can not be effectively canceled out. The advantage of the optimal power allocation in terms of the achieved energy efficiency can not be effectively exploited. For example, for K = 5 and N ≤ 125, the energy efficiency of the OPA scheme is inferior to that of the UPA scheme. However, when we have large enough N , the optimal power allocation can be utilized to significantly improve the achieved energy efficiency performance.
Finally, we illustrate how the optimized energy efficient design changes the transmit power allocations at all 2K sources and the relay for a given sum rate requirement R = 32 bps/Hz in Fig. 12 , wherein the System I large-scale fading coefficients are assumed. While in the UPA scheme, identical uniform transmit powers at all 2K = 10 sources are assumed, namely, P si = P so = 4dB, i = 1, 2, . . . , 10 and P ro = 15dB. Obviously, one may readily observe that, the energy efficient design will reduce the required transmit power at all sources and the relay for the same sum rate requirement, thus leading to a better energy efficient performance. Moreover, we may also notice that, the source with greater large scale fading coefficient corresponds to less required allocated energy, which complies with our expectations in terms of the energy efficient design.
VI. CONCLUSION
In this paper, we considered the multi-pair two-way relaying system, in which multi-pairs of sources are served by a relay station equipped with a large number of antenna array, and each source is provisioned with a single antenna. The MRC/MRT based beamforming is assumed at relay. Unlike the perfect CSI estimate, now the practical MMSE based channel estimation is considered to unveil what we can achieve in realistic scenarios. The asymptotic SINR analysis of four power-scaling cases with imperfect CSI are derived to show that, even in the presence of imperfect CSI estimate, the massive MIMO relay network can still benefit from the large antenna array to realize energy efficient transmission. In addition, the optimal power allocation issue was addressed as well to show that the achieved spectral efficiency and energy efficiency performance can be further improved.
APPENDIX PROOF OF THEOREM 1
Before the proof of Theorem 1, let us review one result about random vectors in [26] . Property 1 : Let x = [x 1 , . . . , x n ] T and y = [y 1 , . . . , y n ] T be two mutually independent n × 1 vectors, whose elements are independent and identically distributed zero-mean random variables with variances being σ 2
x and σ 2 y , respectively. According to the law of large numbers [26] , we have 
where d − → denotes the convergence in distribution. By applying the law of large numbers [26] for computing amplification coefficients, when N is large enough, we can approximate ρ in equation (13) 
with j, j = (j, K + j) as j = 1, 2, . . . , K , and j, j = (j, j − K ) as j = K + 1, K + 2, . . . , 2K , where 
Similarly, the second, third and fourth term can be derived, thus we can rewrite the received signal at the i-th source as the equation (47) in the top of this page.
Substituting (44) into (47), we have the equation (48), as shown at the top of this page. As large enough, by applying Property 1 into (48), we can find that the self-interference, the inter-pair interference, and the imperfect CSI noise due to imperfect CSI approach to zero, thus the above signal expression can be rewritten as 
whereñ i ,r is a complex Gaussian zero mean random variable with variance ofη 2 i σ 2 n , namely,ñ i ,r ∼ CN (0,η 2 i σ 2 n ). From the expression (49), we find that there are only three parts: the first part is the relative desired signal, the second part is the relative amplified noise at relay, and the third part is the noise at the i-th source. In addition, ρ coefficient just depends on practical estimation channels and power allocations at each source node. Then, we can obtain the SINR of the i-th source as 
with j, j = (j, K + j) as j = 1, 2, . . . , K , and j, j = (j, j − K ) as j = K + 1, K + 2, . . . , 2K . Thus the theorem is derived.
